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Based on our previous work, we constructed a phenomenological model of inflation with the higher
derivative axion field in the light of recent cosmological expertiments BICEP2 and PLANCK. In
order to achieve observed values for the important cosmological parameters (ns, r) we employ higher
derivative kinetic term called kinetic gravity braiding (KGB) for the axion in compatible with the
constant shift symmetry. Phenomenologically we choose a particular form of the braiding function
M(φ) which correctly reproduces the observed value of (ns, r) based on the recent cosmological
observations. Furthermore we also find axion decay constant f and the scale of inflation Λ to be
naturally sub-Planckian consistent with the reheating after the end of inflation. Within the sufficient
number of e-folding N , we also find sub-Planckian field excursion for the axion field ∆φ ≃ f .
Axion is assumed to be one of the natural candidates
to be an inflaton field for its possible appearance in solv-
ing the strong CP problem in QCD. Furthermore because
of its intrinsic shift symmetry axion field naturally pro-
vides us a sufficiently flat potential during the QCD phase
transition. And this is believed to be an important re-
quirement to realise an exponential inflation in the early
universe evolution. Hence, the most successful standard
model of particle physics could possiblly be a natural
framework to study inflation. The very first inflation
model based on the axion field is known as ”natural”
inflation proposed in [1]. Considering the observation
of scale invariant power spectrum of inflaton fluctuation
during inflation it turns out that axion decay constant
which will be defined later has to be f ≥ 3Mp. In the
framework of general relativity (GR) and quantum field
theory large f > Mp is not acceptable [2]. From the usual
dimensional analysis, it is argued that classical GR is not
valid above Planck scale. Low energy effective theory
may not be applicable in such case. Therefore, if quan-
tum gravity exists then its will have significant affect on
the axion symmetry and it’s dynamics [3]. Hence to make
axion inflation viable, various modifications based on low
energy effective field theory have been proposed [4, 5]. All
those modifications were introduced such that one can
explain all the cosmological observations with the sub-
Planckian axion decay constant. Based on our previous
study on axion inflation, in this letter we provide a per-
fectly viable model of axion inflation in the light of recent
cosmological observations like PLANCK [6] and BICEP2
[7]. In order to produce the required value of (ns, r),
the higher derivative extension which is known as kinetic
gravity braiding (KGB) plays a very important role in the
model. This particular form of higher derivative term has
been studied in the context of inflation [8] and also in the
context of dark energy model building [9, 10]. Another
interesting work which have some connection with ours
[? ] is known as UV-protected inflation. Following our
previous work [12], in this letter we tried to phenomeno-
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logically figure out the correct form of the KGB term
which satisfies our all requirements discussed above to
construct a viable axion inflationary model. The essen-
tial mechanism behind this has already been discussed in
[8, 12]. To summarize our results we emphasize that in
a wide range of parameter space our model shows axion
decay constant f < Mp, scale of inflation Λ < Mp, values
of (ns, r) in agreement with the expected values obtained
from cosmological experiments PLANCK and BICEP2.
Furthermore the model also produces sufficient number
of e-folding N within the range of sub-Planckian evalua-
tion of the axion field namely ∆φ ≃ f during inflation.
Our starting action is
L = M
2
p
2
R−X −M(φ)Xφ− Λ4
(
1− cos
(
φ
f
))
(1)
where X = 1
2
∂µφ∂
µφ and  = 1√−g∂µ(
√−g∂µ). f is
the axion decay constant. Λ is related to the axionic
shift symmetry breaking scale and also identified with
the scale of inflation. As mentioned above the term as-
sociated with the higher derivative is known as KGB.
One of the interesting properties of this higher derivative
term is that it does not lead to any unwanted degrees of
freedom.
Assuming the usual FRW Metric ansatz
ds2 = −dt2 + a(t)2(dx2 + dy2 + dz2), (2)
Einstein’s equations for the scale factor a becomes
H2 = −Hφ˙3M(φ)− X
3
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3
(
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φ
f
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(3)
and for the axion field
1
a3
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4
f
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Where, H = a˙/a is the Hubble constant.
Considering the slow roll condition [8], the scalar field
equation becomes
3Hφ˙
(
1− 3M(φ)Hφ˙
)
+
Λ4
f
sin
(
φ
f
)
= 0 (5)
2As we have mentioned before the inflation driven by the
KGB terms should satisfy the condition |M(φ)Hφ˙| ≫ 1
which leads to
τ =
M(φ)Λ4
f
sin
(
φ
f
)
≫ 1. (6)
Once above condition is satisfied, the expressions for slow
roll parameters turn out to be
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M2p
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f
)2
(
1− cos
(
φ
f
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36
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(7)
As we have discussed in our previous paper the infla-
tion driven by KGB term helps us to lower the axion
decay constant f into the sub-Planckian regime. And in-
terestingly it turns out that same function also predicts
the required values of the cosmological parameters (ns, r)
compatible with the recent cosmological experiments like
PLANCK and BICEP2. The condition eq.(6) will tell us
the range of values of the axion field within which the
inflation driven by KGB term will occur. In order to
achieve required results we choose a reasonably compli-
cated functional form of M(φ) consistent with the sym-
metry. We have tried various possible functional form
ofM(φ) but within the aforementioned viable parameter
region we found most of those forms are not consistent
with the reheating. We have found a particular class of
KGB function of the following form
M(φ) =
1
s3
sinp x
[
1− cosx sin2 x]q . (8)
where p > 3 is an odd integer and q is integer. We also
define x = φ/f . Depending on the value of (p, q) we
can get required results. With this particular form we
have checked that only for p > 3 and suitable value of
q, f becomes sub-Planckian. We will discuss in detail
about those in our subsequent publication. In this letter
will provide our main results for a particular choice of
{p, q}. For the present discussion we choose the braiding
functions to be
M(φ) =
1
s3
sin7 x
[
1− cosx sin2 x]20 . (9)
We call s as KGB scale. We will see how this single KGB
scale s provides us all the aforementioned interesting re-
sults. This is a fairly complicated choice. The origin of
this function from the effective field theory language and
the existence of simple form of this function could be an
interesting direction to study keeping in mind the impor-
tance of our result in the cosmological context. We can
also see from the Fig.1 that the function is like a localized
waves with almost zero value near the minimum of the
potential. The point we would like to emphasize that this
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FIG. 1: The potential V (φ) and V ′(φ) and M(φ) up to a
constant factor related to the amplitude. The inflation due
to KGB occurs in the region I
particular properties near the minimum of the potential
is important to have coherent oscillation at the end of
the inflation. p being odd is also an important for the
coherent oscillation and causing inflation on both side of
the axion potential. Now in order to have inflation driven
by KGB one needs to satisfy the following condition
τ = τ0sin
8 x
[
1− cosx sin2 x]20 .≫ 1 (10)
where τ0 = Λ
4/(s3f). From the stability consideration
Mφ˙ ≃ φ˙ < 0 [8] the inflation driven by KGB happens
on both the region of the potential. From the figure and
the condition on τ it is clear that in order to have infla-
tion driven by KGB followed by coherent oscillation, one
needs to have τ0 ≫ 1. We will also see that all the re-
quired values of the cosmological quantities that we will
derive appear in the region τ0 ≫ 1 and φ < πf/2. Im-
portant point to note that there exists a pre-inflationary
phase of evolution which could have an important impli-
cation in understanding the CMB anomaly at long wave-
length scale. We will do detail study on this issue in our
future publication.
In the subsequent discussion we straightforwardly fol-
low our previous paper and redo the whole analysis in the
light of current cosmological experiments PLANK and
BICEP2. Cosmological perturbation during the inflation
is the main source of large scale structure formation. And
this quantum perturbation in the early universe left its
footprint on the photon energy distribution during de-
coupling. Some of those information of the early uni-
verse evolution are directly related to the CMB power
spectrum PR where R is curvature perturbation, and
spectral index ns. The expressions are [8]
PR =
3
√
6
64π2
H2
M2p ǫ
; ns = 1− 6ǫ+ 3η + α
2
. (11)
During inflation, in addition to the axion field fluc-
tuation, spacetime quantum fluctuation namely gravita-
tional wave is also produced. In general amplitude of the
3gravitational wave is too small to detect. But it has sig-
nificant effect on the CMB polarization power spectrum
specifically on B-mode polarization. This particular B-
mode of CMB on large angle has recently been measured
by BICEP2 [7]. This in turn provides us value of an an-
other important cosmological parameter called scalar to
tensor ratio r. In the model under study this ratio r is
related to the tensor spectral index as follows
nT = −2ǫ ; r = −32
√
6
9
nT (12)
Before we proceed further we define a new constant
A = √τ0(f/Mp)2 which is appeared to be our guiding
parameter for the subsequent discussion. One can easily
check from the expressions of all the slow roll parameters
that those quantities are suppressed by this factor A.
In order to solve the homogeneity and flatness problem
of the usual Big-Bang model, we need to have sufficient
amount of inflation. The amount of inflation is quan-
tified by the so called e-folding number N = ∫ t2
t1
Hdt.
Form the recent cosmological observations the value of
this e-folding N ≥ 50. So further constrain on our model
parameters will come from this e-folding number. We
numerically solve for N ,
N = A
∫ (1− cosx)
√
sin7 x
(
1− sin2 x cosx)20√
sinx
.(13)
We see that e-folding number is directly proportional to
A. Therefore, large value of e-folding number can eas-
ily be obtained by suitably choosing large value of A
consistent with the observation. It turns out that the
large value of A also plays the main role in getting sub-
Planckian field excursion for the axion field during In-
flation. The integration for N can be done analytically.
Since expression is very big we do not explicitly provide
this. The integration limit (the upper limit) on the axion
field x2 = φ2/f comes from setting the slow roll param-
eter ǫ = 1. We provide all the cosmologically relevant
quantities {ns, r,Λ} and theoretically viable parameters
{f, s,∆φ} for two possible values of the e-folding num-
ber N = {50, 60}. In the Table-II and Table-I we pro-
vide some cosmologically relevant numerical values of A
for which we found the values of {φ1/f, φ2/f, ns, r,∆φ}.
As one can clearly see that the values so obtained for
{ns, r} are perfectly consistent with the observed con-
straints coming from PLANCK and BICEP2. It is also
obvious that if {f, s} are sub-Planckian, then during in-
flation the axion field excursion ∆φ is well below the
Planck scale.
Now considering CMB observation,
PR =
A√6
32π2
(
Λ
M
)4
(1− cosx1)3
√
s3M(x1)
sin
3
2 x1
≃ 2.4× 10−9,
for a fixed value ofA, above equation constrains the value
of the axionic symmetry breaking scale or the scale of
A x1 =
φ1
f
x2 =
φ2
f
ns r
Λ
Mp
∆φ
69000 0.852619 0.186089 0.949577 0.2030 0.0121 0.666530
71000 0.837524 0.185087 0.953059 0.2046 0.0122 0.652437
73000 0.823064 0.184119 0.956267 0.2051 0.0123 0.638945
75000 0.809258 0.183184 0.959162 0.2048 0.0124 0.626074
77000 0.796108 0.182279 0.961731 0.2036 0.0125 0.613829
79000 0.783605 0.181403 0.963983 0.2022 0.0125 0.602202
81000 0.77173 0.180553 0.965937 0.2001 0.0126 0.591197
83000 0.76046 0.179729 0.967618 0.1978 0.0126 0.581731
TABLE I: Considering e-folding number N = 50. Some spe-
cific values of the parameter A which provide required values
of all the cosmologically relevant quantities. We have mea-
sured field excursion ∆φ in unit of axion decay constant f .
A x1 =
φ1
f
x2 =
φ2
f
ns r
Λ
Mp
∆φ
77000 0.891121 0.182279 0.950471 0.162 0.0112 0.708842
79000 0.877388 0.181403 0.953105 0.165 0.0113 0.694975
81000 0.864003 0.180553 0.955725 0.168 0.0114 0.683450
83000 0.851007 0.179729 0.958268 0.169 0.0115 0.671278
85000 0.838431 0.17893 0.960687 0.171 0.0116 0.65538
87000 0.826296 0.178153 0.962947 0.171 0.0117 0.648143
89000 0.814614 0.177390 0.965029 0.171 0.0118 0.637224
91000 0.803388 0.176663 0.966923 0.170 0.0119 0.626725
TABLE II: Considering e-folding number N = 60. Some spe-
cific values of the parameter A which provide required values
of all the cosmologically relevant quantities. We have mea-
sured field excursion ∆φ in unit of axion decay constant f .
inflation Λ as shown in the table for both the values of
e-folding number. One sees that the scale of inflation
Λ ≃ 0.01Mp.
As discussed in our previous paper, with this particular
value of Λ one can arbitrarily choose infinite number of
possible set of sub-Planckian values for {f, s} such that
one gets consistent results with the observations. Subse-
quently one can naturally get the sub-Planckian excur-
sion of the axion field during inflation. But now the ques-
tion we are going to ask is whether all the above choices
are consistent with the reheating. This is what moti-
vates us to choose a specific class of KGB function M(φ)
Eq.9 such that we get a coherent oscillation of the axion
field after the end of the inflation with the sub-Planckian
axion decay constant f . Detail discussion on this issue
for various form of KGB functions will be reported in
our future publication. What we want to emphasize here
is that for the above mentioned choice Eq.9, we found
coherent oscillation of the axion field at the end of the
inflation for f ' 0.90 with N = {50, 60}. Interesting
point to mention is that for fixed value of spectral index,
as we increase N lower bound on f increases. We also
notice that the value of f decreases with increasing value
of p and decreasing value of q introduced in the Eq.8.
We find it very difficult to reduce the value of f signifi-
4cantly lower with the class of KGB functions we defined
earlier. We will report detailed study on how the value
of f depends on {p, q} and also on the other parameters
elsewhere.
Hence, reheating after the end of inflation sets a lower
limit on the value of the axion decay constant f depend-
ing on our specific choice of KGB function. For example
if we choose the value of f = 0.9 in unit of Planck, the
KGB scaling parameter s will be fixed by the following
relation:
s3
f3
=
1
A2
Λ4
M4p
, (14)
and we get s ≃ 1.12× 10−6 for A = 77000 and N = 50.
Hence s is significantly lower in Planck unit. With these
parameter values, one can clearly see from the Table-1
that the total change in value of the axion field during
the inflationary phase of interest ∆φ = 0.614 × f . This
quantity is also below the Planck unit. So, with this spe-
cific paramter range our model is marginally within the
effective field theory regime. By the observable quantities
discussed so far, we are unable to fix all our model pa-
rameters completely. Non-gaussianity or CMB anomaly
in the large scale could be interesting cosmological ob-
servable quantities which can help us fixing the free pa-
rameters of the model. We defer this for our future study.
In this letter we constructed a phenomenological model
of axion inflation with a specific form of higher derivative
term which are consistent with the shift symmetry. Our
main motivation in this letter is to construct a consistent
inflationary model in the low energy effective field theory
framework. It has already been proved to be very difficult
to construct such a model in the canonical formulation.
Hence, we took help of non-canonical form of the La-
grangian for the axion field with higher derivative term
which is known as kinetic gravity braiding in the litera-
ture. Thanks to its particular form which is not plagued
with the ghost problem. The result that we have got
is robust in the perspective of low energy effective field
theory. The main result that we want to emphasize once
more is that if the axion inflation is driven by the KGB
then required central values of {ns, r} ≈ {0.960, 0.2} ob-
served in the PLANCK and BICEP2 can be produced in
our model for the following one possible choice of param-
eter values
{f, s,Λ,∆φ} = {0.9, 1.12× 10−6, 0.012, 0.43}Mp (15)
for N = 50. Interestingly all the quantities are sub-
Planckian which was one of our main motivations. We
also want to emphasize that with this value of parameters
the axion field oscillates coherently after the end of the
inflation, which may lead to successful reheating of the
universe.
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